Graphene has been actively studied as a chemical sensor since shortly after it was isolated in 2004.
1-3 Increasingly sophisticated device processing has revealed that early measurements of graphene exhibited chemical sensing responses that were amplified by unintentional functionalization. 4 Here, we start with chemically clean graphene transistors that are inert to a variety of chemical vapors. We then purposefully functionalize the graphene to generate devices with different chemical sensing responses. We demonstrate that graphene can be combined with single stranded DNA ͑ssDNA͒ to create a chemically diverse family of vapor sensors that is promising for use in a "noselike" vapor sensing system.
Noselike sensing schemes derive their organizational principle from biological olfactory systems, where a relatively small number ͑100 s͒ of sensor types are deployed with broad and overlapping sensitivities to a much larger number of volatile analytes. 5, 6 In our DNA-graphene sensor system, ssDNA is not used for its biological functionality but instead provides sequence-dependent chemical recognition capability, potentially enabling the required number ͑hun-dreds͒ of chemically distinct sensor responses. Reduced graphene oxide, or "chemically derived grapheme," has also shown potential as a vapor sensor material where residual oxygen defects ͑e.g., carboxylic acids or epoxides͒ provide binding sites for analyte molecules. 7 Graphene transistors were constructed using exfoliated kish graphite on silicon substrates with a 300 nm oxide layer. 4 Devices were carefully cleaned to prevent spurious sensing results, 4, 8 then functionalized with a self-assembled layer of ssDNA as done previously for carbon nanotube devices. 9, 10 Two ssDNA sequences ͑"sequence 1" and "sequence 2"͒ were selected because of their prior use in vapor sensors based on electronic 9 and optical fluorescence 11 readout strategies Sequence 1: 5Ј GAG TCT GTG GAG GAG GTA GTC 3Ј, Sequence 2: 5Ј CTT CTG TCT TGA TGT TTG TCA AAC 3Ј.
Atomic force microscopy ͑AFM͒ measurements showed that the self-assembled ssDNA layer had a thickness of approximately 0.5 nm ͓Fig. graphene did not have visible holes or aggregates, AFM revealed an rms roughness of 0.4 nm, about twice as large as that of pristine graphene. We did not observe ssDNA deposition on the SiO 2 , nor did the roughness of that surface change. Figure 1͑b͒ shows how the current-gate voltage ͑I-V G ͒ characteristic of an individual device changed as the graphene was cleaned and then chemically modified. Carrier mobility and doped carrier densities are extracted from such data as in Ref. 12 . For the as-fabricated device, the hole and electron mobilities were 1000 cm 2 / V s and 750 cm 2 / V s, respectively. The doped charge carrier density ͑carrier density at V G =0͒ was 3.3ϫ 10 12 / cm 2 holes. After the cleaning process, both the hole and electron mobility increased to 2600 cm 2 / V s, and the doped carrier density decreased to 6.2ϫ 10 11 / cm 2 holes. After functionalization with ssDNA, the hole, and electron mobilities decreased to 1600 cm 2 / V s and 750 cm 2 / V s, respectively, indicating slightly increased carrier scattering due to ssDNA on the graphene surface. 13 The doped charge carrier density with the ssDNA layer was 1.4ϫ 10 12 / cm 2 . Application of ssDNA led to a shift in the I-V G minimum indicating an increase in hole density ͓Fig. 1͑b͔͒. The polarity of this shift is consistent with chemical gating by negatively charged molecules in the vicinity of the graphene. Using computer models of ssDNA on carbon nanotubes, we estimate an adsorption density of ϳ1.5ϫ 10 14 bases/ cm 2 at 100% coverage.
14 Even for very weak electrostatic interactions of ssDNA bases with graphene, such a large number of negatively charged bases would easily account for the observed shift in the electrostatic doping of 6.2ϫ 10 11 / cm 2 holes.
Chemical sensing experiments were performed in a controlled environmental chamber. The device current was monitored while applying a 1 mV bias voltage and zero gate voltage. Initially, nitrogen carrier gas was flowed through the chamber at a rate of 1 slm. Analyte gases were substituted for a small percentage of the nitrogen flow with the total flow rate held constant. In order to compare changes in response, the data are presented as changes in current normalized to the device current measured in a pure N 2 flow.
In Fig. 2 , we compare responses to vapors of devices based on clean graphene, graphene functionalized with ss-DNA sequence 1, and graphene functionalized with sequence 2. The vapors used in Figs. 2͑a͒ and 2͑b͒ were dimethylmethylphosphonate ͑DMMP͒ and propionic acid, respectively. For both analytes, the current response of clean graphene was very low and barely detectable above system noise, although a response ⌬I / I 0 ϳ 1% was observed at the highest concentrations tested. After coating with ssDNA, enhanced responses on the scale of 5%-50% were observed. Responses were reproducible, with nearly perfect recovery to baseline upon purging. As was suggested for ssDNAnanotube devices, 9 we infer that the role of the ssDNA is to concentrate water and analyte molecules near the otherwise chemically inert and hydrophobic conduction channel, and in this way greatly increase the current response compared to that of bare graphene. For these two analytes the sign of the current responses were consistent with a chemical gating effect on the graphene channel where hole conduction dominates. DMMP, a strong electron donor, 15 is expected to be- come positively charged, consistent with decreased device current. Conversely, propionic acid is expected to donate a proton to residual water and acquire a negative charge, increasing device current. For both analytes in Figure 2 , sensing response and recovery to baseline typically showed two distinct timescales. The initial response occurred within a fraction of a second, while the slower equilibration took up to several hundred seconds. This has been observed for other sensor types and may indicate the presence of a two-stage molecular binding process. 16 Six different analyte responses are shown in Table I . Three compounds are homologous aldehydes, with linear chemical formulas CH 3 ͑CH 2 ͒ N CHO, where N=5,6,7. The significantly different current responses seen for this sequence shows a chemical differentiation in an atmospheric sensor not often seen outside of biological systems. This may reflect a complex sensing mechanism beyond the simple charging mechanism proposed above. Molecular dynamics simulations of ssDNA adsorbed onto carbon nanotubes suggests complex conformational motifs may influence the chemical affinity of the device. 17 Similar effects may occur for ssDNA-graphene, leading to a sensing response that is the result of a combination of analyte-DNA and analytegraphene interactions. Clean graphene devices exhibit very small responses to all analytes at all concentrations tested, with the exception of decanal.
The ssDNA functionalization procedure does not seem to increase the noise power of the device. The noise amplitude was measured by taking a power spectrum of a typical background current when the device is exposed to nitrogen, and reading off the amplitude at 1 Hz. This gives a 1/f noise amplitude of 6.25ϫ 10 −19 A 2 / Hz, normalized for the 500 nA current to 2.5ϫ 10 −6 / Hz, within the typical currentnormalized range for single layer graphene. 18 Converting the current noise power density to current variation yields a bestpossible detection threshold of ϳ0.1% of the baseline current using a 1 Hz bandwidth. Assuming a linear response to DMMP concentration, this implies a detection limit of 0.4 ppm for a single device for DMMP.
Future experiments could evaluate the utility of large graphene sensor arrays for "electronic nose" systems. Recent developments in large scale synthesis of graphene make it possible to attempt very large scale device integration, and may open graphene devices to applications unavailable to carbon nanotube devices. 
